PDZ proteins usually contain multiple protein-protein interaction domains and act as molecular scaffolds that are important for the generation and maintenance of cell polarity and cell signaling. Here, we identify and characterize TIP-1 as an atypical PDZ protein that is composed almost entirely of a single PDZ domain and functions as a negative regulator of PDZ-based scaffolding. We found that TIP-1 competes with the basolateral membrane mLin-7/CASK complex for interaction with the potassium channel Kir 2.3 in model renal epithelia. Consequently, polarized plasma membrane expression of Kir 2.3 is disrupted resulting in pronounced endosomal targeting of the channel, similar to the phenotype observed for mutant Kir 2.3 channels lacking the PDZ-binding motif. TIP-1 is ubiquitously expressed, raising the possibility that TIP-1 may play a similar role in regulating the expression of other membrane proteins containing a type I PDZ ligand.
INTRODUCTION
PDZ proteins are generally characterized by the presence of multiple protein-protein interaction modules, which allows them to act as molecular scaffolds that recruit membrane proteins, cytoskeletal elements, trafficking machinery, and signal transduction molecules into multimeric complexes at distinct membrane domains (Brone and Eggermont, 2005; Campo et al., 2005) . Many play important roles in the generation and maintenance of epithelial and neuronal polarity. A prototypical example is provided by a group of PDZ proteins, Lin-7 (mLin-7/Veli/MALS), Lin-2 (CASK) and Lin10 (Mint-1/X11), that were first discovered in Caenorhabditis elegans (Kaech et al., 1998) . In vulvar precursor cells, these molecules form a tripartite protein complex that interacts with the Let-23 receptor to coordinate its expression on the basolateral membrane (Simske et al., 1996; Kaech et al., 1998; Rongo et al., 1998) . Studies in C. elegans and mammalian systems have revealed a probable mechanism. Lin-2 (CASK) interacts with cell structural elements, anchoring the complex to the membrane (Cohen et al., 1998) . Lin-10 offers a means of delivering the complex via its interactions with microtubule motors (Setou et al., 2000) and Munc-18 docking machinery (Hata et al., 1993; Borg et al., 1998; Butz et al., 1998) . The smaller Lin-7 protein acts as the bridge between receptor and scaffold complex, binding the receptor through a type I PDZ interaction and the scaffold via a L27 domain interaction (Doerks et al., 2000) with CASK (Kaech et al., 1998) . In C. elegans, depletion of any one of these three PDZ proteins causes mislocalization of Let-23 to the apical membrane, illustrating the functional significance of the complex.
Orthologues of this C. elegans PDZ protein complex have been identified in mammalian tissues (Borg et al., 1998; Butz et al., 1998; Straight et al., 2001b; Olsen et al., 2002) . Although renal epithelia do not express a Lin-10 orthologue (Borg et al., 1998) , the mLin-7 and CASK complex is evolutionarily conserved and localizes exclusively at the basolateral membrane Straight et al., 2001) . Recently, we demonstrated that mLin-7 binds the inwardly rectifying potassium channel Kir 2.3 through a PDZ interaction and that the mLin-7/CASK complex plays an important role in coordinating polarized expression of the channel at the basolateral membrane by preventing the channel from traveling in the endocytic pathway (Olsen et al., 2002) . The mLin-7/ CASK complex has also been implicated in basolateral expression of the epithelial GABA transporter BGT-1 (Perego et al., 1999) , the EGF-like receptor ErbB-2/Her2 (Shelly et al., 2003) , and other potassium channels (Leonoudakis et al., 2004b) , suggesting that interaction with the mLin-7/CASK complex represents a general mechanism for the polarized expression of basolateral membrane proteins containing a PDZ-binding motif.
While investigating the mechanism for polarized expression of Kir 2.3, we discovered a novel PDZ-binding partner for the channel, Tax-interacting Protein-1 (TIP-1). A partial TIP-1 clone was originally identified through a yeast twohybrid screen as one of many binding partners for the viral oncoprotein Tax (Rousset et al., 1998) . Here, we show that the full-length TIP-1 encodes a protein consisting of a single PDZ domain and appears to be devoid of other proteinprotein interaction modules. This represents a departure from the classic PDZ protein retention/clustering scheme because PDZ proteins rely on multiple protein-protein interaction motifs to effectively scaffold membrane, cytoskeletal, and signaling proteins. Indeed, TIP-1 antagonizes the retention function of the mLin-7/CASK complex by competing for interaction with Kir 2.3. This molecular switch results in internalization of Kir 2.3 channels. The competitive PDZ interaction described here represents a novel mechanism for regulating the surface expression of Kir 2.3 channels and may provide a more general means for regulating other PDZ protein interactions.
MATERIALS AND METHODS

Yeast Two-Hybrid Interaction Trap Library Screen
The yeast two-hybrid interaction trap system was used according to established methods (Gyuris et al., 1993; Golemis and Khazak, 1997) to capture proteins that interact with the PDZ-binding motif in Kir 2.3. A sequential, two-step library screen with two different baits was performed. In the first stage of the screen, a Lex A fusion protein of the Kir 2.3 C-terminal targeting domain (amino acids 417-445) was used as the bait (pJK202 containing a HIS3 selectable marker) to screen a conditionally expressed kidney cDNA library (Clontech, Mountain View, CA) in the pJG4-5 plasmid (TRP4 selectable marker) as before (Olsen et al., 2002) . In the second stage of the screen, positive library clones were screened with a lexA fusion of a mutant Kir 2.3 C-terminal domain that lacks the PDZ-binding motif (443ϫ).
ONPG Solution ␤-galactosidase Assay
␤-galactosidase activity was measured at V max using 2-nitrophenyl-␤-dgalactopyranoside (ONPG), according to established methods (Mendelsohn and Brent, 1994) . Transfected yeast were grown (A 600 of 0.9 -1.2) under conditions that induce or repress the promoter. Yeast cultures were pelleted then resuspended in buffer and diluted 1:10 in buffer containing 0.001% SDS and 2% chloroform. Tubes were equilibrated at 30°C (15 min), and ONPG was added. The reaction was stopped with 1 M Na 2 CO 3 , and product was measured by spectrofluorometry. Miller units were calculated as previously described (Reynolds et al., 1997) .
Antibodies
Anti-TIP-1 antibodies were raised in rabbits against a unique epitope in TIP-1 (39-DQDPSQNPFSEDKTC) and affinity-purified. The epitope is conserved across mammalian species, including dog (Supplementary Data I). Anti-Kir 2.3 antibody was previously described (Olsen et al., 2002) . Because the Kir 2.3 immunogen is not available, preimmune serum of matched IgG concentration was used as a control for the Kir 2.3 localization studies. All other antibodies were purchased from commercial suppliers: rabbit anti-His, rabbit anti-myc, and mouse anti-myc (9E10; Santa Cruz Biotechnologies, Santa Cruz, CA); mouse anti-FLAG M2 and anti-VSV monoclonal antibodies (Sigma, St. Louis, MO); mouse anti-CASK and anti-NaK/ATPase ␣1 (Upstate Cell Signaling Solutions, Waltham, MA); rabbit anti-Veli3 (aka Lin-7C; Zymed Laboratories, South San Francisco, CA); mouse anti-HA (Boehringer Mannheim, Indianapolis, IN); rabbit anti-Rab11 (BD Transduction Laboratories, Lexington, KY); horseradish peroxidase (HRP)-conjugated goat anti-mouse (Jackson Laboratory, Bar Harbor, ME); HRP-conjugated goat anti-Rabbit and mouse anti-GST (Amersham Biosciences, Piscataway, NJ); AlexaFluor-conjugated secondary antibodies (Molecular Probes, Eugene, OR).
DNA Constructs
FLAG and myc epitope tags were engineered into the N-or C-terminus of TIP-1, respectively, by PCR and subcloned into the pcDNA3.1 vector for cell studies or into the pShuttleCMV vector (Stratagene, La Jolla, CA) for creation of adenoviral constructs. Mutagenesis was done by PCR with PfuTubo DNA polymerase (QuikChange, Stratagene). All sequences were verified by dye termination DNA sequencing. Methods for the construction of the Kir 2.3 COOH-terminal lexA fusions and the VSV(Y2F form)-tagged wild-type Kir 2.3 have been described previously (Le Maout et al., 2001; Olsen et al., 2002) .
Synthesis of Recombinant Proteins
FLAG-tagged full-length TIP-1 cDNAs were subcloned into the pRSET vector (Invitrogen) in-frame with an N-terminal His-tag to produce pRSET-TIP-1/ WT, K20A, H90A, and K20A/H90A double mutant. The final 25 residues of the C-terminal tail of WT and ⌬PDZ Kir 2.3 were subcloned into the pGEX 5x-1 vector (Amersham) in-frame with an N-terminal GST tag to produce pGEX-Kir 2.3 and -Kir 2.3⌬PDZ. These expression vectors were transformed into BL21(DE3)pLysS (Invitrogen) competent Escherichia coli. Recombinant His-TIP-1 proteins were purified using Ni-NTA spin columns (Qiagen, Chatsworth, CA). Recombinant GST-Kir 2.3 proteins were purified using GS4B-sepharose (Amersham) and dialyzed against PBS. Total protein concentration was determined by Bradford Assay.
GST Pulldown
GST-Kir 2.3 and GST-Kir 2.3⌬PDZ were incubated with GS4B beads for 1 h, washed with PBS, and incubated overnight with recombinant His-TIP-1. Beads were washed with TEE (50 mM Tris-HCl, pH 7.5), 1 mM EDTA, 1 mM EGTA) and then eluted by boiling in SDS-sample buffer.
Northern Analysis
Northern blot derived from multiple human tissues (Origene, Rockville, MD) containing 2 g poly(A)-RNA per lane was probed with a 591-base pair cDNA fragment of TIP-1 (bases 400 -991) and labeled by random priming with [␣- 32 P]dCTP (Amersham) according to manufacturer's instructions (Boehringer Mannheim). The blot was stripped and reprobed with [␣-32 P]dCTP-labeled human ␤-actin cDNA fragment as a control for loading.
Cell Culture and Transfection
All mammalian cell lines were cultured in a humidified atmosphere at 37°C in 5% CO 2 . COS, HEK, and type II MDCK cells were cultured as previously described (Olsen et al., 2002) . Cells were transfected using LipofectAMINE transfection reagent (Invitrogen). Transfection medium was replaced 24 h after transfection with maintenance medium supplemented with 2 mM sodium butyrate (Sigma). The MDCK/TIP-1-myc stable cell line was created by a neomycin-selection protocol as previously described (Le Maout et al., 1997) .
Production of TIP-1 Adenoviruses
Adenoviral vectors containing wild-type and H90A C-myc-TIP-1 were produced using AdEasy Adenoviral Vector System according to manufacturer's instructions (Stratagene). After viral amplification in low passage HEK cells, virus was harvested in Dulbecco's phosphate-buffered saline containing 1 mM MgCl 2 (DPBS-M, Sigma) and purified on a cesium chloride gradient. The viral band was then loaded onto a PD-10 column (Amersham) to remove cesium chloride and eluted in DPBS-M.
Adenoviral Infection of MDCK-Kir 2.3VSV Cells
MDCK/Kir2.3-VSV cells were plated 1.5 ϫ 10 5 cells/well on 12-mm-diameter Transwell polycarbonate filters (0.4-m pore size, Corning Costar, Corning, NY) 24 -48 h before infection. A "calcium switch" infection protocol was used as previously described (Henkel et al., 1998) . Briefly, wells were filled with DPBS-M one time to wash, refilled with DPBS-M, and incubated for 15-30 min at 37°C and 5% CO 2 . Purified adenovirus was added to the apical chamber at an MOI of 100 while DPBS-M was added to the basolateral chamber. Mock-infected cells were treated identically, except that virus was omitted during the incubation period. Cells were incubated 1-2 h at 37°C and 5% CO 2 before replacing complete growth medium in both the apical and basolateral chambers. Cells were incubated for 26 h after infection to permit protein expression. Epithelial integrity and cell confluence were assessed by transepithelial resistance measurements (EVOHM, WPI).
Cell Lysis
COS cells were lysed as described previously (Olsen et al., 2002) . Adenovirusinfected MDCK/Kir 2.3-VSV cells were washed twice in ice-cold Ringer's solution (5 mM HEPES, 144 mM NaCl, 5 mM KCl, 1.2 mM NaH 2 PO 4 , 5.5 mM glucose, 1 mM MgCl 2 , 1 mM CaCl 2 , pH 7.4), harvested in ice-cold HEENG buffer (20 mM HEPES, pH 7.6, 25 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol; Leonoudakis et al., 2004b) , and resuspended in HEENG containing 1.0% Triton and protease inhibitors. Both COS and MDCK/Kir 2.3-VSV cell lysates were then passed though a 27-gauge needle, rotated at 4°C for 1 h, and centrifuged at max speed to pellet insoluble material. Protein concentrations were assessed by Bradford Assay Reagent (Bio-Rad, Richmond, CA). 
Rat Kidney Homogenization
Isolated whole kidneys were resuspended in TSE buffer (20 mM Tris, 150 mM NaCl, 5 mM EDTA, pH 7.5) containing protease inhibitor cocktail and homogenized using a glass tissue homogenizer.
Immunoprecipitation and Immunoblotting
Cell lysates were precleared with Sepharose B (Sigma) or Fast Flow protein A Sepharose (Sigma) for 2 h at 4°C. The supernatants were than rotated overnight at 4°C with appropriate antibody and protein A. Beads were washed three times with lysis buffer containing 0.1% Triton and then eluted for 30 min at room temperature (RT) with SDS sample buffer. Eluates were separated by SDS-PAGE and transferred to nitrocellulose (Amersham). Membranes were probed with appropriate primary and HRP-conjugated secondary antibodies and developed with SuperSignal West Pico Chemiluminescent Substrate (Pierce Chemical, Rockford, IL). Densitometric measurements were made using NIH image software.
In Vitro TIP-1/Lin-7 Competition Binding VSV-Kir 2.3/Lin 7 was recovered from COS cells cotransfected with VSV-Kir 2.3 and HA-Lin 7 (50 l cell lysate, ϳ4ϫ cell volume) using anti-VSV antibodies (3 g) bound to protein G-Sepharose after incubation overnight at 4°C. Subsequently, lysates from COS cells, which were separately transfected with vector (pcDNA) or myc-TIP-1 cDNA, were prepared and incubated with the immunopurified VSV-Kir 2.3/Lin 7 on anti-VSV protein G beads. Three different lysates were compared: 1) pcDNA alone (100 l); 2) a mixture of equal volumes of vector (50 l) and myc-TIP-1 (50 l), and 3) myc-TIP-1 alone (100 l). After the incubation, immunoprecipitates were washed, eluted, and immunoblotted as described above.
Surface Biotin Labeling
MDCK/Kir 2.3-VSV cells, grown on filters, were placed on ice and washed twice with ice-cold Ringer's solution. Impermeable NHS-SS-biotin (Pierce; 1.5 mg/ml) in Ringer's was added to the basolateral compartment. Cells were incubated for 30 min at 4°C, before quenching by incubation with 50 mM Tris-HCl (pH 7.5) in Ringer's for 30 min at 4°C. Cells were immediately fixed and permeabilized as described below. AlexaFluor-conjugated streptavidin was added to secondary antibody solution to visualize biotin labeling.
Immunocytochemistry
Cells were washed twice with ice-cold Ringer's and then fixed in 3% paraformaldehyde for 15 min at 4°C. Adenovirus-infected MDCK/Kir2.3-VSV cells were permeabilized/blocked for 1 h at RT with 0.4% saponin and 1.0% BSA in Ringer's solution, and 0.4% saponin was subsequently included in all wash and antibody solutions. For all other experiments, cells were permeabilized in 0.1% Triton X-100 for 30 min at 4°C, washed in ice-cold Ringer's, and blocked for 15 min at RT in 1.0% BSA. Next, cells were incubated overnight at 4°C with the primary antibodies, washed, and then incubated with appropriate AlexaFluor-conjugated secondary antibodies (Molecular Probes). Labeled cells were mounted onto slides with VectaShield glycerol mounting medium (Vector Laboratories, Burlingame, CA) and sealed with nail polish.
Fixation of male 129/SvEv mouse and Sprague Dawley rat kidneys was achieved by arterial perfusion. PBS was perfused 2 min before 30-min perfusion with paraformaldehyde (2%) and a 2-min perfusion with a cryoprotectant (10% EDTA in 0.1 M Tris). Kidney sections (12 m) were cut with a cryostat, placed on HistoGrip-coated coverslips (Zymed), and stored at Ϫ80°C. To perform immunolocalization, sections were first rehydrated with PBS and then treated with 0.5% SDS to unmask protein epitopes. Kidney sections were then washed three times in a high-salt buffer (PBS containing 1% BSA and 385 mM NaCl), blocked (PBS containing 1% BSA and 50 mM glycine), and incubated overnight with primary antibodies (10 g/l) at 4°C in PBS supplemented with 0.1% BSA and 0.02% NaN 3 . Samples were washed in high-salt buffer and incubated with AlexaFluor-488 conjugated goat antirabbit secondary antibodies amplified by an additional 2-h incubation with donkey anti-goat Alexa488 before washing and mounting in VectaShield medium. 3 wild-type (WT) or mutant Kir 2.3 C-termini was inferred from ␤-galactosidase activity in the yeast two-hybrid system. The GAL1 promoter induces the expression of the AD-tagged TIP-1 in the presence of galactose (f) but not in the presence of glucose (p). Reporter activation is observed only in the presence of galactose. Mean Ϯ SE; n ϭ 3; * p Յ 0.01; statistical significance as measured by ANOVA. (B) Three-dimensional structure of the TIP-1-binding pocket as modeled on the crystal structure of the related third PDZ domain of PSD-95 (PDB,1BFE; Doyle et al., 1996) . Two residues, K20 and H90, predicted to interact with the PDZ ligand (blue) are shown in red. (C) GST pulldown assays using GST-Kir 2.3 C-terminus wild-type (WT) or a mutant GST-Kir 2.3 C-terminus lacking the PDZ interaction motif (⌬PDZ) and different purified recombinant His-tagged TIP-1 proteins (WT, wild-type TIP-1, and TIP-1-bearing K20A, H90A, or double K20A/H90A mutations). His-TIP-1 proteins specifically bound to the GST-Kir 2.3 proteins were detected by immunoblotting with anti-His antibodies ("pull-down"). In bottom panels, Ponceau S stain of GST-Kir 2.3 input and Coomassie stain of His-TIP-1 input are shown as loading controls. (D) The amount of each TIP-1 construct bound to GST-Kir 2.3 was assessed by densitometry, background subtracted, and analyzed relative to the WT TIP-1 band intensity. The mean Ϯ SE relative densitometry of four pulldown experiments repeated in triplicate (p Յ 0.01) is shown. 
Imaging Studies
To determine cellular localization of proteins, cells were visualized using the Zeiss 410 confocal laser-scanning microscope (Carl Zeiss, Thornwood, NY) under a 63ϫ oil immersion lens (NA ϭ 1.40). Images were processed with Adobe Photoshop (San Jose, CA).
To assess intracellular expression of Kir 2.3 in stable TIP-1ϩ MDCK cells and after adenoviral mediated delivery of TIP-1 constructs into MDCK cells stably expressing Kir 2.3, images of cells were scored for intracellular localization of Kir 2.3 (2 ϭ strong, 1 ϭ moderate, 0 ϭ none) by an observer who was blinded to knowledge of the treatment groups. In the adenoviral experiments, cells were colabeled with anti-VSV antibodies to detect Kir 2.3, with streptavidin to mark the basolateral membrane and anti-myc antibodies to detect myc-TIP-1-infected cells. In all cases, only cells that costained positively for TIP-1 protein expression were scored. Scores for equal numbers of cells from three separate experiments were pooled and then averaged together to produce an "Intracellular Localization Score" for each experimental condition.
Statistical Analysis
Statistical significance was calculated by one-way randomized ANOVA followed by Dunnett's post hoc test. p Ͻ 0.05 was considered significant.
RESULTS
Identification of an Unusual PDZ Protein, TIP-1, as a Binding Partner of the Kir 2.3 Channel
The extreme COOH-terminal tail of the Kir 2.3 channel, containing a basolateral targeting determinant (Le Maout et al., 2001 ) and a PDZ-binding motif (Olsen et al., 2002) , was used as a bait to screen for interacting proteins in a yeast two-hybrid system. Five different human kidney cDNA library clones scored positively for interaction but did not interact with a mutant Kir 2.3 COOH-terminal tail lacking the PDZ-binding motif. Two of these encoded mLin-7 as previously reported (Olsen et al., 2002) . The other three clones were overlapping cDNAs, encoding a PDZ protein called Tax-interacting protein-1 (TIP-1; Figure 1 ).
Because the original report of the TIP-1 cDNA sequence did not include the initiation of translation site (Rousset et al., 1998) , we first sought to define the complete sequence of the TIP-1 gene product more precisely. In silico analysis of the human genome sequence suggested that the 1.39-kb TIP-1 cDNAs isolated here contains the entire TIP-1 open reading frame. To corroborate these observations, 200 base pairs of the predicted 3Ј ends of TIP-1 were independently amplified from human kidney poly (A ϩ ) RNA by RT-PCR, subcloned, and sequenced. All sequences were identical and contained a Kozack sequence and upstream missense codon, corroborating 5Ј-RACE studies (Olalla et al., 2001 ) and verifying assignment of the open reading frame as presently annotated in the GenBank (NM014604). To further verify that the entire transcript had been isolated, Northern blot analysis of human tissue poly (Aϩ) RNA was performed. As predicted, a single 1.4-kB transcript was detected in all tissues examined (Figure 2 ). These studies also revealed that TIP-1 is widely expressed but is especially enriched in epithelial tissues such as small intestine, kidney, and lungs.
Translation of the TIP-1 cDNA sequence predicts a small, 124-amino acid protein, encoding a single PDZ domain flanked by only 11 amino acids at the N-terminus and 14 amino acids at the C-terminus. The residues bordering the PDZ domain are devoid of other known protein-protein interaction motifs or trafficking signals. Antibodies generated against a unique peptide sequence of TIP-1 specifically recognized the TIP-1 protein (Supplementary Data II) . In immunoblots of rat kidney, the TIP-1 antibodies exclusively detected the expected sized (14 kDa) protein ( Figure 2B ), offering experimental verification of the short TIP-1 open reading frame and the first evidence of TIP-1 protein expression in native tissue. Immunohistochemical analysis of rat kidney revealed a predominately cytoplasmic distribution of TIP-1. This localization pattern was most intense in distal segments of the nephron, including distal convoluted tubule, connecting tubule, and collecting duct ( Figure 2C , a, c, and e). Importantly, the Kir 2.3 channel is also predominately expressed in these segments ( Figure 2C, b, d , and f), offering the opportunity for the two endogenous proteins to engage in a physiologically relevant interaction in vivo. TIP-1 staining at the apical membrane of connecting tubule intercalated cells was evident as well (Figure 2Cc ). The cytoplasmic localization of TIP-1 in most of the cell types is consistent with the notion that TIP-1 lacks endogenous targeting information and instead relies on the targeting determinants of its binding partners.
The simple structure of TIP-1 predicts that it would function as a negative regulator of PDZ complexes. Interaction of Kir 2.3 with TIP-1 is predicted to displace the channel from the mLin-7/CASK complex and consequently induce endosomal targeting. Here we test this hypothesis.
Coimmunoprecipitation of TIP-1 and Kir 2.3
As an initial test of the scaffolding antagonist function, we verified that TIP-1 interacts with Kir 2.3 in mammalian cells using coimmunoprecipitation analysis. For this purpose, the N-termini of Kir 2.3 and TIP-1 were engineered with the VSV G protein epitope and FLAG tag, respectively. Transfection of COS cells with these constructs results in expression of the predicted proteins as detected by immunoblot analysis; anti-FLAG antibodies specifically detected a 16-kDa protein, corresponding to FLAG-tagged TIP-1 ( Figure 3A) , and anti-VSV antibodies recognize a 59-kDa band, corresponding to VSV-Kir 2.3 ( Figure 3B , lane 2). The Kir 2.3 channel could be specifically coimmunoprecipitated with TIP-1 from COS cells cotransfected with VSV-Kir 2.3 and Flag-TIP-1, using anti-FLAG antibodies ( Figure 3B , lane 5). As controls, the FLAG antibody failed to immunoprecipitate cells transfected with VSV-Kir 2.3 alone ( Figure 3B, lane 4) . Immunoprecipitation of the VSV-Kir 2.3 channel with FLAG-TIP-1 also required the FLAG antibody; reactions without antibody ( Figure 3B, lane 3) or with a control rabbit antibody ( Figure 3B , lane 6) did not immunoprecipitate VSV-Kir 2.3 from COS cells cotransfected with VSV-Kir 2.3 and FLAG-TIP-1. Collectively, these results establish that the full-length TIP-1 is capable of interacting with full-length Kir 2.3 in mammalian cells.
Kir 2.3 and TIP-1 Interact in a Type I PDZ-dependent Manner
We next explored the structural basis for Kir 2.3/TIP-1 interaction. The extreme C-terminus of Kir 2.3 contains a type I PDZ-binding motif (Olsen et al., 2002) as well as a neighboring or overlapping sorting signal that directs the channel to the basolateral membrane within the biosynthetic pathway (Le Maout et al., 2001) . To determine the relative contribution of the upstream sorting domain (requiring amino acids 431-441) and the canonical PDZ-binding motif for TIP-1 interaction, the target sequence in the Kir 2.3 C-terminus for TIP-1 binding was first delineated in the yeast twohybrid system. Alanine substitution mutations were created in the lexA-Kir 2.3 C-terminus and tested for their ability to interact with the activation domain (AD) tagged-TIP-1 protein. Relative strength of interaction was inferred from reporter activity (␤-galactosidase). Counting from the extreme C-terminal amino acid of Kir 2.3, residues at positions 0, -2, and -3 were found to be absolutely required for interaction with TIP-1, indicative of a type I PDZ interaction (Songyang et al., 1997) . Alanine substitutions at these sites specifically rendered the channel incompetent to interact with TIP-1 ( Figure 4A ). Additionally, mutation of the arginine at -4 to alanine reduced the interaction strength by more than 50%. In contrast, point mutations beyond the -4 residue had no significant effect on the interaction, suggesting the sorting signal does not contribute to TIP-1 interaction. Together these observations indicate that TIP-1 may have the capacity to affect localization of the Kir 2.3 channel in a PDZ-dependent manner. To further elucidate the mechanism by which TIP-1 interacts with Kir 2.3, we investigated the predicted TIP-1 PDZbinding domain. By projecting the TIP-1 sequence onto the atomic resolution structure of known type I PDZ domains (Doyle et al., 1996;  Figure 4B ), we identified residues in TIP-1 that are likely to participate in Kir 2.3 binding. Lysine 20 is predicted to coordinate interaction with the C-terminal carboxyl moiety of type I PDZ ligands (Songyang et al., 1997) . Histidine 90, highly conserved among all type I PDZ proteins, is predicted to coordinate the hydroxyl moiety of the penultimate serine residue in type I PDZ ligands (Ser 443 in Kir 2.3). To test these predictions, we substituted K20 and H90 with alanine and studied the consequences in an in vitro binding assay. In these studies, purified, recombinant His-tagged wild-type, mutant K20A, and mutant H90A TIP-1 proteins were tested for their ability to interact with a GST fusion protein of the wild-type Kir 2.3 C-terminus (residues L416-I445). Parallel reactions were performed with a GST fusion protein of a mutated Kir 2.3 C-terminus, lacking the PDZ-binding motif (GST-Kir 2.3⌬PDZ, residues L416-I441), as a negative control. As shown in Figure 4C , wild-type TIP-1 interacted with wild-type GST-Kir 2.3, confirming that the interaction between the two proteins is direct and requires no additional protein mediators ( Figure  4C ). In agreement with the yeast two-hybrid data, GST-Kir 2.3⌬PDZ failed to bind to wild-type TIP-1 protein, further verifying that interaction requires the PDZ ligand motif in Kir 2.3. As expected for a PDZ domain interaction, binding was significantly abrogated by the single mutations of K20A or H90A or by the double mutation, confirming that this interaction is mediated through the TIP-1 PDZ domain (Figure 4, C and D) .
TIP-1 Can Compete with mLin-7 for Kir 2.3 Interaction
Our observations that TIP-1 binds to Kir 2.3 in a PDZdependent manner suggest that TIP-1 could potentially compete with the basolateral scaffolding protein, mLin-7, for channel interaction. To test this idea directly, in vitro competition binding assays were performed ( Figure 5A ). In these studies, Kir 2.3-mLin-7 complexes were recovered on protein G-Sepharose beads with anti-VSV antibodies from COS cells expressing VSV-tagged Kir 2.3 and HA-tagged mLin-7. Beads were then incubated at RT for 3 h with COS lysates containing either myc-tagged TIP-1 or vector (pcDNA). To assess the relative extent of channel interaction with myc-TIP-1 and HA-mLin-7, the Kir 2.3 precipitates were resolved by SDS-PAGE and immunoblotted with either anti-myc or anti-HA antibodies. As shown in Figure 5B and summarized in Figure 5C (n ϭ 3) , addition of the TIP-1 lysate reduced the amount of mLin-7 associated with Kir 2.3 in a concentration-dependent manner ( Figure 5B, top panel) . This was paralleled by an increase in TIP-1 binding to the channel ( Figure 5B, bottom panel) . Thus, TIP-1 has the capacity to uncouple Kir 2.3 from the mLin-7/CASK protein scaffold.
TIP-1 Causes Intracellular Accumulation of Kir 2.3 in MDCK Cells
MDCK cells provide a model system for studying the effects of TIP-1 on channel trafficking because these cells do not express TIP-1; it is not detectable in these cells by RT-PCR or Western blot. To examine the effects of TIP-1 on Kir 2.3 localization, we created a MDCK cell line stably expressing TIP-1 (TIP-1ϩ MDCK) and compared the steady-state localization of the Kir 2.3 channel in the TIP-1ϩ MDCK cells to wild-type MDCK cells. Typical examples are shown in Figure 6A , and the results from quantification of 100 cells/ group are summarized in Figure 6B . In wild-type MDCK cells (Figure 6A ), the transiently transfected channel localizes predominately to the basolateral membrane, identical to the expression pattern in MDCK cells stably transfected with Kir 2.3 as reported previously (Le Maout et al., 1997 , 2001 Olsen et al., 2002) and shown in Figure 6C . By contrast, the Kir 2.3 channel becomes localized to a vesicular compartment in the TIP-1ϩ MDCK cells (78% of TIP-1ϩ MDCK cells exhibit significant intracellular localization of Kir2.3 compared with 26% of wild-type cells), reminiscent of the mistrafficking phenotype of mutant Kir 2.3 channels, lacking the PDZ ligand motif (Olsen et al., 2002;  Figure 6C ). General disruption of epithelial integrity or the basolateral mLin-7 scaffold cannot explain the effects of TIP-1; TIP-1ϩ MDCK monolayers exhibit a transepithelial resistance that is comparable to wild-type monolayers (unpublished data) and mLin-7 properly localizes to the basolateral membrane in the TIP-1ϩ MDCK cells. Together, these observations are consistent with the hypothesis that TIP-1 specifically uncouples PDZ-binding partners, such as Kir 2.3, from PDZ scaffolding complexes. The scaffolding antagonist hypothesis predicts that the activity of TIP-1 should be carried by its PDZ-binding capacity. To test this idea directly, we compared steady-state channel distribution in cells expressing the PDZ-bindingincompetent mutant TIP-1(H90A) to those expressing wildtype TIP-1. In these studies, adenoviral-mediated cDNA transfer was used to deliver wild-type myc-tagged TIP-1 or TIP-1(H90A) to fully polarized MDCK cells, which stably express the VSV-tagged Kir 2.3 channel. The approach allows reliable, high-efficiency delivery of the TIP-1 constructs into Kir 2.3-positive MDCK monolayers on permeable supports (Figure 7) . Indeed, we observed consistently that more than 70% of cells stain positively for myc-tagged TIP-1 within a day of infection (Figure 7A ). Typical for adenovirus delivery systems, expression levels of TIP-1 were somewhat heterogeneous from cell to cell, yet as assessed by immunoblot analysis ( Figure 7B ), similar amounts of wild-type and H90A TIP-1 protein were expressed at the expected molecular weight (16 kDa; Figure 7B ), allowing a reasonable comparison of the effects of the two TIP-1 constructs.
Similar to the endogenous protein, the myc-tagged wildtype TIP-1 and the H90A TIP-1 mutant localize diffusely within cytoplasm ( Figure 7A ). Immunoprecipitation studies revealed that wild-type TIP-1 but not TIP-1(H90A) interacts with Kir 2.3, confirming that the H90A point mutation attenuates interaction of TIP-1 with the channel in MDCK cells. Importantly, adenoviral infection did not alter Kir 2.3 protein abundance ( Figure 7C , input) nor did it disrupt the transepithelial monolayer resistance ( Figure 7D ). Figure 8A shows the effects of wild-type TIP-1 and the H90A mutant TIP-1 on Kir 2.3 channel localization in representative MDCK monolayers stably expressing the channel. Quantitative evaluations of three separate infections are summarized in Figure 8B . Expression of the wild-type TIP-1 caused Kir 2.3 to distribute into an intracellular vesicular compartment ( Figure  8A , middle panel). By contrast, the TIP-1(H90A) mutant protein did not produce a significant change in channel localization ( Figure 8A, right panel) . The extent and percentage (25% of mock, 96% of TIP-1-, and 39% of H90A TIP-1-expressing cells exhibit significant intracellular localization) of wild-type TIP-1-expressing cells exhibiting intracellular localization of Kir 2.3 in these studies is remarkably similar to the results with the stable TIP-1ϩ MDCK cells.
The scaffold antagonist model also predicts that TIP-1 should induce mislocalization of Kir 2.3 to an endocytic compartment without altering basolateral membrane localization of Lin-7. Adenoviral-mediated expression of the wild-type TIP-1 in MDCK cells grown on filter supports caused Kir 2.3 to distribute to an intracellular, vesicular compartment that was somewhat more diffuse than observed in the stable TIP-1 cells grown on glass, presumably reflecting different experimental conditions. Nonetheless, Kir 2.3 largely accumulated into an expanded Rab11 vesicular compartment ( Figure 8D ), consistent with targeting to recycling and subapical endosomes (Casanova et al., 1999; Sheff et al., 1999; Wang et al., 2000) . As observed in the TIP-1ϩ MDCK cells, adenoviral-mediated expression of TIP-1 did not change the basolateral localization of either endogenous mLin-7 protein ( Figure 8E ) or the Na/K-ATPase-␣1 ( Figure 8C ), demonstrating that TIP-1 does not cause a global disruption of basolateral membrane traffic. Together, these observations indicate that TIP-1 alters steady-state localization of Kir 2.3 in a PDZ-dependent manner, consistent with a PDZ scaffolding antagonist.
TIP-1 Uncouples Kir 2.3 from the Basolateral mLin-7/CASK Complex
To test whether TIP-1 induces mistrafficking of Kir 2.3 by uncoupling the channel from the mLin-7 scaffolding protein, we measured the extent of mLin-7/Kir 2.3 interaction in Kir 2.3VSVϩMDCK cells after adenoviral-mediated delivery of TIP-1. The effects of wild-type TIP-1 and the H90A TIP-1 mutant were compared. In these studies, endogenous mLin-7 was immunoprecipitated with an anti-mLin-7 antibody and the amount of coimmunoprecipitated Kir 2.3 and CASK were assessed by immunoblotting. As shown in Figure 9A , infection with wild-type TIP-1, but not the H90A mutant, reduced the amount of mLin-7 associated with Kir 2.3 without affecting mLin-7/CASK association. Densitometric measurements of immunoblots from three separate experiments verified that the effect is consistent and statistically significant ( Figure 9B ). These data provide strong evidence that TIP-1 can prevent association of Kir 2.3 with mLin-7/CASK without altering the integrity of the basolateral membrane scaffold complex.
DISCUSSION
In the present study, we identified TIP-1 as a highly unusual PDZ protein that negatively modulates the localization of a binding target, the Kir 2.3 channel, on the renal epithelial cell basolateral membrane. Our results provide support for a novel mechanism whereby the small PDZ protein exhibits PDZ scaffolding antagonist activity. We found that TIP-1 directly associates with the PDZ-binding motif in Kir 2.3 and competes for interaction with mLin-7. Consequently, TIP-1 interaction prevents the channel from efficiently engaging the basolateral PDZ protein scaffold complex and, thereby, disrupts cell surface localization. Indeed, either stable expression of TIP-1 or acute adenoviral-mediated TIP-1 cDNA transfer into MDCK cells caused Kir 2.3 to accumulate in an endosomal compartment, reminiscent of the mistrafficking phenotype exhibited by mutant Kir 2.3 channels lacking their PDZ-binding motif (Olsen et al., 2002) . A single point mutation in the PDZ-binding pocket of TIP-1 that reduced Kir 2.3 binding affinity was sufficient to attenuate the endosomal trafficking phenotype, indicating that the effects of wild-type TIP-1 are specific and PDZ-dependent.
Our study suggests that TIP-1 may normally operate as a natural "dominant negative" PDZ protein. This would represent the first example of a PDZ protein antagonist and expand an emerging biological paradigm of naturally "fractured" (Kroiher et al., 2001) or truncated molecules that function in a wide variety of biological processes as negative modulators. For instance, transcription by basic helix-loophelix (bHLH) transcription factors are negatively regulated by "broken" mimics of themselves that contain a bHLH domain but lack a DNA-binding domain necessary for transcriptional activity (Yokota and Mori, 2002) . Similarly, decoy receptors of the tumor necrosis factor receptor superfamily contain the extracellular ligand-binding domain but lack intracellular domains required for effective signaling (Khosla, 2001; Mantovani et al., 2004) . Similar examples of "natural dominant negatives" can be found among structural proteins; the neuronal gene product, Homer1a, provides an elegant example. Proper signaling by type I metabotropic glutamate receptors (mGluRs) requires association with self-multimerizing Homer proteins (Xiao et al., 1998; Ango et al., 2001 ). Homer1a lacks a conserved coiledcoil domain necessary for the multimerization process, and thus up-regulation of endogenous Homer1a by excitotoxic brain injury results in decreased association of other Homer proteins with mGluRs and disregulated signaling by the receptor (Ango et al., 2001) . Each of the negative modulators described above lacks a structural module critical to the normal functioning of typical proteins within the family. TIP-1 is no exception; it is composed almost entirely of a single PDZ domain and lacks any other obvious protein-protein interaction modules.
Unlike TIP-1, typical PDZ proteins contain multiple protein-protein interaction modules, allowing them to act as macromolecular scaffolds (Kim and Sheng, 2004; Brone and Eggermont, 2005) . The basolateral scaffolding function of mLin-7, for example, is made possible by the presence of its two different protein-protein interaction modules. mLin-7 interacts with target proteins, such as Kir 2.3, via a PDZ interaction (Olsen et al., 2002) , while simultaneously binding to CASK via a heterotypic L27 domain interaction (Borg et al., 1998; Straight et al., 2000) . CASK, in turn, associates with the basolateral membrane through a web of interactions, forming a multimeric complex that has the capacity to act as a stable basolateral membrane anchor. Indeed, multiple protein-protein interactions sites allow CASK to simultaneously bind to mLin-7, extracellular matrix receptors, adhesion molecules, and the actin cytoskeleton (Cohen et al., 1998) . SAP97, another Kir 2.3 PDZ-binding partner, also interacts with CASK (Leonoudakis et al., 2001) through an independent L27 domain interaction (Karnak et al., 2002; Lee et al., 2002; Roh et al., 2002) .
The mLin-7 and SAP97 L27 domains separately assemble with the two L27 domains of CASK, possibly as a dimer of L27 heterodimers (Feng et al., 2004; Li et al., 2004) , to form a mLin-7/SAP97/CASK complex (Leonoudakis et al., 2004b) . Our studies indicate that TIP-1 disrupts Kir 2.3 interaction with mLin-7 without altering the mLin-7/CASK complex. Dominant negative mLin-7 mutants, lacking their L27 domain (mLin-7-⌬L27), also behave like TIP-1. Removal of the L27 domain in mLin-7 disrupts CASK association, causing a cytoplasmic localization pattern that is identical to TIP-1 (Straight et al., 2000) . Similar effects have been observed with SAP97 mutants, lacking their L27 domain (Roh et al., 2002) . Shelly et al. (2003) showed that expression of mLin-7-⌬L27 mutants alters basolateral membrane targeting of a mLin-7 PDZ-binding partner, ErbB-2, in MDCK cells, reminiscent of the effects observed here with TIP-1 on Kir 2.3. Similarly, expression of a dominant negative CASK construct that contains both L27 domains but no basolateral membrane localization determinants causes a related mLin-7 binding partner, Kir 2.2, to mislocalize into a vesicular compartment in MDCK cells (Leonoudakis et al., 2004a (Leonoudakis et al., , 2004b . Without L27 domains, neither mLin-7 nor SAP97 can bridge their PDZ-binding target proteins to CASK and the basolateral membrane. TIP-1 only contains a PDZ-binding domain, and consequently it produces similar mistargetting defects as engineered dominant-interfering PDZ constructs.
TIP-1 appears to be well suited for its role as a natural dominant-negative PDZ protein. First, we found that TIP-1 is constitutively expressed in many tissues and is especially enriched in epithelia, suggesting that there is sufficient copy number to compete with PDZ-based scaffolding proteins, such as mLin-7. In principal cells of the renal collecting duct TIP-1 is expressed as a cytoplasmic protein, consistent with it acting as a physiologically relevant PDZ scaffold antagonist in the epithelial cells where Kir 2.3 is found. Second, we have demonstrated by competitive coimmunoprecipitation that TIP-1 can successfully vie with mLin-7 for access to the C-terminal PDZ ligand of Kir 2.3, suggesting that TIP-1 has adequate binding affinity for the substrate to compete successfully with PDZ-protein scaffolds. It is left to future studies to determine whether TIP-1 abundance or binding affinity is physiologically regulated.
The subcellular locale where TIP-1 exerts its dominant negative effects also remains to be precisely identified. Although it is well established that the mLin-7/CASK complex stabilizes mLin-7 target proteins at the basolateral membrane by limiting endocytic traffic (Perego et al., 1999; Straight et al., 2001; Olsen et al., 2002; Shelly et al., 2003) , it is still uncertain if this function is carried out at the plasmalemma or within endosomes or both. Consequently, TIP-1 could disrupt any of basolateral membrane stabilization mechanisms that that have been attributed to mLin-7, including altering plasmalemma retention (Perego et al., 1999) or active recycling in the postendocytic pathway (Straight et al., 2001) . Previous studies demonstrated that unrelated PDZ scaffolding proteins, NHERF (Cao et al., 1999) and syntenin (Zimmermann et al., 2005) , influence surface stability of their binding targets by augmenting endocytic recycling. Importantly, the ability of these PDZ proteins to affect endocytic turnover depends on the presence of additional interaction modules that link the PDZ protein/target complex to cellular machinery or signaling molecules. For instance, expression of a syntenin mutant, lacking its PIP 2 -interaction site, causes syndecan, a type II PDZ-binding target of syntenin, to accumulate within engorged recycling endosomes (Zimmermann et al., 2005) , similar to the effect of TIP-1 expression on Kir 2.3 localization.
TIP-1 PDZ Scaffold Antagonist TIP-1 is also poised to disrupt PDZ association with the dystrophin-associated protein complex (DPC), the other major basolateral membrane PDZ protein scaffold. The complex consists of dystroglycans, ␤-dystrobrevin and utrophin, and the PDZ protein, ␤2-syntrophin (Kachinsky et al., 1999) . Syntrophin protein contains a type I PDZ-binding domain and additional domains that are required for utrophin binding. According to Kachinsky et al. , steady state localization of ␤2-syntrophin at the basolateral membrane is dependent on utrophin binding. Because utrophin can simultaneously associate indirectly with laminin in the extracellular matrix via the dystroglycans (James et al., 2000) and can bind directly to the actin cytoskeleton (Keep et al., 1999) , it is poised to provide a secure anchoring point for syntrophin at the basolateral membrane. Importantly, the association of syntrophin with utrophin and the basolateral membrane occurs independently of the syntrophin PDZ domain (Kachinsky et al., 1999) . This leaves the PDZ domain free to interact with other cell components containing a type I PDZ ligand motif, such as Kir 2 channel proteins (Leonoudakis et al., 2004a) . Analysis of currently known TIP-1-binding partners suggests a modified type I PDZ consensus binding motif of R(D/E)(S/T)X(V/L/I)-COOH, matching the preferred ligands for the syntrophin PDZ domain (Wiedemann et al., 2004) . Thus, TIP-1 should disrupt association of type I PDZ ligands, such as Kir 2.3, to the syntrophin/DPC complex, similar to what we have observed with the mLin-7/CASK scaffold.
Our observations are most consistent with TIP-1 directly uncoupling basolateral PDZ scaffolding protein targets, such as Kir 2.3, in collecting duct principal cells, yet, it is presently unknown if TIP-1 may have different functions in other renal epithelial cell types or other tissues. For example, our observation that TIP-1 localizes to both the cytoplasm and the apical membrane in intercalated cells of the renal cortical collecting duct suggests that TIP-1 may have additional activities or even different mechanisms of negative regulation. Considering that formation of PDZ protein scaffolding networks, such as the apical membrane-associated NHERF1 protein complex (Fouassier et al., 2000) , can depend on PDZ-PDZ domain interactions, it will be important to determine if TIP-1 might also negatively regulate PDZ scaffolds by binding to and blocking PDZ-PDZ domain interactions.
It also remains unclear how many other additional type I PDZ functions could be negatively controlled by TIP-1. Only five other TIP-1-binding partners have been described: the Rho-activator rhotekin (Reynaud et al., 2000) , glutaminase (Olalla et al., 2001) , ␤-catenin (Kanamori et al., 2003) , and the viral oncoproteins HTLV-1 Tax (Rousset et al., 1998) and HPV16 E6 (Hampson et al., 2004) . Significantly, two of them, ␤-catenin (Perego et al., 2000; Kanamori et al., 2003) and the HTLV-1 oncoprotein Tax (Rousset et al., 1998) , are also mLin-7-binding partners. At present, in is not know if TIP-1 actually antagonizes functions of these target proteins that ordinarily depend on mLin-7 interaction. In fact, the observation that TIP-1 suppresses the transcriptional activity of the cytoplasmic pool of ␤-catenin (Kanamori et al., 2003) suggests that TIP-1 has negative regulatory activities beyond uncoupling scaffold complexes. On the basis of this previous report and our own observations of TIP-1 as a natural PDZ scaffold antagonist, we hypothesize that TIP-1 not only functions to prevent ␤-catenin from interacting with mLin-7, but that TIP-1 caps the C-terminal tail of ␤-catenin so as to prevent formation of the C-terminal fold-back conformation that is important for nuclear signaling (Gottardi and Gumbeiner, 2004) . Our model would offer an explanation for the transcriptionally inactive pool of cytoplasmic ␤-catenin that is also unable to associate with mLin-7/cadherin adhesive complexes (Gottardi et al., 2001) . Obviously, further studies will be required to determine if TIP-1 does function as a dual-inhibitory ␤-catenin-sequestering factor.
In summary, TIP-1 represents a departure from classical PDZ protein structure because it contains only a single protein-protein interaction motif and appears to lack endogenous membrane-targeting information. Binding of TIP-1 antagonizes the surface membrane stabilization provided by association of a target protein with the basolateral membrane PDZ scaffolds and represents a novel means of regulating the surface density of membrane proteins containing a type I PDZ ligand motif.
